Abstract. The objective of this study was to compare a novel controlled release tablet formulation based on interpolyelectrolyte complex (PEC). Interpolymer interactions between the countercharged polymers like Eudragit® EPO (polycation) and hypromellose acetate succinate (polyanion) and Eudragit® EPO and hypromellose phthalate (polyanion) were investigated with a view to their use in per oral controlled release drug delivery systems. The formation of inter-macromolecular ionic bonds between cationic polymer and anionic polymer was investigated using Fourier transform infrared (FT-IR) spectroscopy and differential scanning calorimetry. The FT-IR spectra of the tested polymeric matrices are characterized by visible changes in the observed IR region indicating the interaction between chains of two oppositely charged copolymers. The performance of the in situ formed PEC as a matrix for controlled release of drugs was evaluated, using acetaminophen as a model drug. The dissolution data of these matrices were fitted to different dissolution models. It was found that drug release followed zero-order kinetics and was controlled by the superposition of the diffusion and erosion. These profiles could be controlled by conveniently modifying the proportion of the polymer ratio, polymer type, and polymer concentration the in the tablets.
INTRODUCTION
The use of polyelectrolytes in the design of controlled release drug formulations has received notable attention in the recent years because of the capability of the interpolyelectrolyte complex (PEC) to achieve more sustained drug release than single polymers (1) . Various types of oppositely charged polyelectrolytes interact electrostatically in aqueous media to form an insoluble solid or PEC (2) (3) (4) (5) . PECs have been used in a wide range of pharmaceutical applications such as polymeric carrier in sustained/controlled drug release, microencapsulation, nanoparticle formulations, preparation of biodegradable and biocompatible membranes, and protein and gene delivery (6) (7) (8) (9) (10) (11) (12) .
Eudragit® polymers (Polymethacrylates) which are produced by Evonik are synthetic cationic or anionic polymers of dimethyl-aminoethylmethacrylates, methacrylicacid, and methacrylic acid esters in varying ratios. Polymethacrylate polymers have been widely used in pharmaceutical formulations as film-coating agent and as matrix carriers in solid dispersion preparation and in hot-melt extrusion processes (13) (14) (15) . Eudragit® EPO (EE), a cationic polymer having a mean relative molecular mass of about 150,000, is prepared by copolymerization of butyl methacrylate, 2-dimethylaminoethylmethacrylate, and methyl methacrylate. The ratio of dimethylaminoethyl methacrylate groups to butyl methacrylate and methyl methacrylate groups is about 2:1:1 (16) . Eudragit® L 100-55 (EL) is an anionic copolymer based on methacrylic acid and ethylacrylate. The ratio of free carboxyl groups to the ester groups is approximately 1:1. The carboxylic groups ionize in aqueous media at pH 5.5 and above (13) . The repeating unit of EL and EE are shown in Fig. 1a, b .
Hypromellose acetate succinate, also known as hydroxypropyl methylcellulose acetate succinate (HPMCAS), is an enteric polymer developed by Shin-Etsu Chemical Co., Ltd. in Japan. This enteric polymer is soluble in aqueous media at a pH higher than 5.5, owing to the presence of carboxyl groups (16) . The chemical structure of HPMCAS is shown in Fig. 2a . Three different grades of HPMCAS (AS-LF, AS-MF, and AS-HF) are commercially available which are classified according to the ratio of succinoyl substitution to acetyl substitution (SA ratio). The SA ratio is highest in AS-LF, whereas AS-HF has the lowest SA ratio (16) . Hypromellose phthalate also known as hydroxypropyl methylcellulose phthalate (HPMCP) is an enteric polymer also developed by Shin-Etsu Chemical Co., Ltd. in Japan. HPMCP is cellulose in which some of the hydroxyl groups are replaced with methyl ethers, 2-hydroxypropyl ethers, or phthalyl esters. Several different types of hypromellose phthalate (HP50, HP55, HP55S) are commercially available with molecular weights in the range 20,000-200,000 (16) . Both HPMCAS and HPMCP are widely used in oral pharmaceutical formulations as an enteric coating polymer for tablets or granules or pellets formulation (17, 18) . They may be used alone or in combination with other soluble or insoluble binders in the preparation of granules/pellets with sustained drug release properties (19, 20) . The chemical structure of HPMCP is shown in Fig. 2b .
The selection of anionic and cationic polymers forming the PEC can be made on the basis of their physicochemical properties such as biocompatibility, physicochemical stability, pH-dependent solubility, and swellability characteristics, etc. (21, 22) . PEC between EE and EL was previously reported, and the corresponding PEC was synthesized by mixing the two polymers in solutions. The product, PEC complex, was isolated and then dried, before being utilized as a polymeric carrier for modified drug release (23) . As an alternative for this lengthy process, we propose in situ EE-enteric polymer polyelectrolyte complexation in an acidic medium simulating the gastric fluid. Our proposal is dependent on the fact that the acidic groups in the enteric polymers may allow for polymer ionization and interaction with the cationic EE even at low pH values.
In this study, acetaminophen was selected as a model drug due to its minimal drug-excipient interaction reported with Eudragit® polymers (4) . The aims of this study were as follows:
1. To prepare a novel controlled release tablet formulation using cationic EE and anionic enteric polymers and to evaluate their dissolution properties. 2. To study the effect of enteric polymer type on the release profile of the drug from the matrix system. 3. To study the effect of anionic and cationic polymer ratio and polymer concentration on the release profile of the drug from the matrix system. 4. To study the effect of pH on the release profile of the drug from the controlled release dosage form.
MATERIALS AND METHODS

Materials
Acetaminophen was obtained from Mylan laboratories limited (Hyderabad, India) as a gift sample. Eudragit® EPO and Eudragit® L100-55 were purchased from Evonik Röhm GmbH (Darmstadt, Germany), and HPMCAS and HPMCP were purchased from Shin-Etsu Japan. Lactose monohydrate, hydroxypropyl cellulose, and magnesium stearate were obtained as a gift sample from Mylan laboratories limited (Hyderabad, India).
Methods
Preparation of Matrix Tablets
Various formulations (Tables I and II) and powder blends were studied based on different proportions of polymers type and their grade. Drug and lactose monohydrate were passed through #30 sieve and mixed together for 10 min in a polybag. The blend was granulated using 5% (w/v) solution of Hydroxypropyl cellulose in ethanol, and wet granules were dried in an oven at 60°C for 1-2 h. Dried granules were mixed with the different proportion of polymers in a polybag for 10 min and further lubricated with magnesium stearate (previously passed through #60 mesh sieve). Lubricated blend was compressed with average weight of 1080 mg on a rotary tablet punching machine (Cadmach, Ahmedabad, India) fitted with 19×8.5-mm capsule shaped standard concave punches with corresponding die to provide a desirable hardness. The amount of acetaminophen in matrix tablets was kept constant at 650 mg while the amount of other excipients was varied.
Physical Evaluation of the Matrix Tablets
Formulated tablets were subjected to the following physical characterization studies. Tablet weight variation was calculated by measuring the weight of ten tablets, and the results are expressed as mean values ± SD. The hardness of the matrix tablets was examined for five tablets of each batch using a hardness tester (Dr. Schleuniger, Germany). Tablet thickness of the matrix tablets was examined for six tablets of each batch using an electronic digital caliper. Friability of the tablets was measured in a friability tester (EF-1W, Electrolab, Mumbai, India). The tablets were weighed initially and rotated at 25 rpm for 4 min, and the samples were then reweighed. The percentage friability was calculated using the following equation:
where F% represents the percentage weight loss and W1 and W2 are the initial and final tablet weights, respectively.
Fourier Transform Infrared Spectroscopy
EE and enteric polymer, at 1:1 weight ratio, were physically mixed using a mortar and pestle. Tablets with 200 mg of the polymers were compacted manually from the physical mixtures using a 9-mm punch in a tablet compression machine. Tablets were exposed to 500 ml of pH 6.8 phosphate buffer using glass vessels in a dissolution apparatus at 37°C for 2 h, with subsequent filtration. The filtered solids were allowed to dry at room temperature in glass petri dishes, ground into powder in a mortar and pestle, and then analyzed by Fourier transform infrared (FT-IR) spectroscopy according to the KBr disk method using a PerkinElmer FT-IR spectrometer (USA). For comparative purposes, FT-IR analysis was also performed on pure EE, pure enteric polymers, and an unexposed physical mixture of the polymers. The compressed disks were scanned over 400 to 4000 cm −1 at ambient temperature using an accumulation of 16 runs in each sample with the resolution of 4 cm
, and characteristic peaks were recorded and evaluated by using spectrum software.
In Vitro Drug Release
In vitro drug release testing from tablets was conducted according to the USP 27 apparatus 2 specifications using a dissolution tester (Electrolab, India). The dissolution testing for acetaminophen was conducted in 900 ml of 0.1 N HCl or The paddles were rotated at a speed of 50 rpm. The tablets were placed into 900 mL of dissolution medium. Aliquots of 10 mL were withdrawn from the dissolution apparatus at different time intervals and filtered through a cellulose acetate membrane (0.45 μm). The drug content was determined spectrophotometrically at a wavelength of 243 nm. At each time of withdrawal, 10 mL of fresh medium was replaced into the dissolution flask. The mean of three determinations was used to calculate the drug release from each of the formulation.
Swelling Studies
The swelling of the polymers upon hydration by the test medium was determined by a method similar to the equilibrium weight gain method as reported earlier (24) . The matrix tablets of selected formulations were weighed and placed in tared metallic baskets. These baskets were then immersed in 900 ml of pH 6.8 phosphate buffer medium at 100 rpm and 37 ±0.5°C (USP 25 basket method). At specified time intervals, the baskets containing the matrix tablets were removed, lightly blotted with tissue paper so as to remove excess water and weighed again. They were then placed back in the dissolution vessel as quickly as possible. The percent degree of swelling was calculated as follows:
where Ws is the weight of the swollen matrix at time t and Wd is the weight of the dry matrix. The swelling study was done in triplicate for all samples tested.
Drug Release Kinetics
To study the release kinetics, data obtained from in vitro drug release studies were plotted in various kinetic models: zero order (Eq. 3) as cumulative amount of drug released vs. time and Higuchi's model (Eq. 4) as cumulative percentage of drug released vs. square root of time.
Where Mt/M∞ is the fraction of drug released at any time t; where K 0 is the zero-order rate constant.
where K H is the constant reflecting the design variables of the system and t is the time in hours. Hence, drug release rate is proportional to the reciprocal of the square root of time.
To evaluate the drug release with changes in the surface area and the diameter of the particles/tablets, the data were also plotted using the Hixson-Crowell cube root law:
where Q t is the amount of drug released in time t, Q 0 is the initial amount of the drug in the tablet, and K HC is the rate constant for the Hixson-Crowell rate equation, as the cube root of the percentage of drug remaining in the matrix vs. time.
The following plots were made: cumulative % drug release vs. time (zero-order kinetic model); cumulative % drug release vs. square root of time (Higuchi model) and cube root of drug % remaining in matrix vs. time (Hixson-Crowell cube root law). The model with the highest correlation coefficient was considered to be the best-fitting one.
Mechanism of Drug Release
To study the release kinetics from the matrix tablets, the release data were fitted to the well-known exponential (25) .
Mt=M∞ ¼ K t n ð6Þ
Where Mt/M∞ is fraction of drug released at time t, k is the rate constant incorporating the structural and geometric characteristics of the matrix tablets, and n is the release exponent indicative of the drug release mechanism. To clarify the release exponent for different batches of matrices, the log value of percentage drug released was plotted against log time for each batch according to the Eq. 7.
log Mt=M∞ ½ ¼log k þ n log t ð7Þ
In case of Fickian release (diffusionaly controlled release), the n has the limiting values of 0.45 for release from cylinders. Case II transport or relaxation controlled delivery; the exponent n is 0.89 for release from cylinders. The non-Fickian release or anomalous transport of drug occurred when the n values are between the limiting values of Fickian and case II transport. The non-Fickian kinetics corresponds to coupled diffusion/polymer relaxation. Occasionally, values of n>0.89 for release from cylinders have been observed, which has been regarded as super case II kinetics (25) .
Release Profile Comparison
The drug release profiles were compared using two model-independent methods, mean dissolution time (MDT), and similarity factor (f 2 ) (26).
MDT was calculated from dissolution data using Eq. 8 and has been used for comparison.
Where j is the sample number, n the number of time increments considered, t^j the time at midpoint between tj and t j −1, and ΔQj the additional amount of drug dissolved in the period of time tj and tj−1.
The similarities between two dissolution profiles were assessed by a pair-wise model-independent procedure such as similarity factor (f 2 ): 
Where n is the number of pull points, R t is the reference profile at time point t, and T t is the test profile at the same time point; the value of f 2 should be between 50 and 100. An f 2 value of 100 suggests that the test and reference profiles are identical and, as the value becomes smaller, the dissimilarity between release profiles increases.
RESULTS AND DISCUSSION
Infrared Spectroscopic Analysis
The spectrum of EL (Fig. 3a) exhibited a characteristic absorption band at 1720 cm −1 , which corresponds to the absorption by carboxylic acid groups of the acrylic copolymer and in agreement with data presented in the product specifications of Evonik (27) . The spectrum also showed a wide absorption range of the associated hydroxyl groups between 2500 and 3500 cm −1 and characteristic peak associated CH X vibrations at 2900-3000 cm . As EE and EL belong to the same derivatives of methacrylic acid copolymers, the FT-IR spectra would exhibit many common features. The spectrum of EE (Fig. 3b) showed a C=O ester vibration band at 1728 cm . In addition, the bands at 2769 and 2823 cm −1 can be assigned to the dimethylamino groups. The spectrum of HPMCAS and HPMCP exhibited characteristic absorption peaks at 3400 cm -1 due to polyhydroxy group (−OH group), 1750 cm -1 due to C=0 stretching, 1400-1350 cm -1 due to C-O-C stretching, and 1064 cm -1 due to C-O stretch of cyclic ethers group (Fig. 3c, d ) (28) . The physical mixture of polymer mixtures showed the bands for the single components (data not shown). The spectra of the treated polymer mixtures (EE-EL, EE-HPMCP, and EE-HPMCAS,) exposed to pH 6.8 phosphate buffer are shown in Fig. 4a-c . As may be appreciated, the latter is different from the rest of the spectra. The two bands of absorption at 2770 and 2824 cm − 1 , corresponding to non-ionized dimethylamine groups in EE spectrum (29) were considerably reduced for the PEC. This might be due to the interaction of protonated dimethylamino group from EE with carboxylate group from anionic polymers. In addition, the spectrum showed peaks at 1751 and 1542 cm −1 that might be assigned to the ionized carboxylate groups and hydrogen-bonded carbonyl groups. The FT-IR spectrum demonstrated the formation of PEC similar to those published in the literature.
Physical Characterization of the Designed Tablets
The physical appearance, weight variation, tablet thickness, tablet hardness, and friability of all formulations were found to be satisfactory and reproducible as observed from the data in Tables I and II . The thickness of the tablets varied depending on bulk density of the dried granules used and the compression force applied. Tablet hardness was found to be good (between 12 and 18 kp) depending on the compression force applied, and friability was less than 1.0% (w/w). The manufactured tablets showed low weight variation indicating that the wet granulation method is an acceptable method for preparing good-quality matrix tablets.
Drug Release Studies
Combination of anionic polymers (EL) and cationic polymers (EE) for possible sustained release drug delivery has been reported in the literature (23) . In this work, we have evaluated the combination of anionic polymers like HPMCP and HPMCAS with EE as cationic polymers for possible use as polymeric carrier for sustained release of acetaminophen. The drug release from the matrix tablets containing a single polymer as matrix former in 0.1 N HCl and pH 6.8 phosphate buffer is shown in Fig. 5a , b. The drug release was found to be rapid and complete at 3-4 h for all formulations except HPMCAS LF formulation [F5] in 0.1 N HCl dissolution medium. Thus, it can be concluded that the use of single anionic or cationic polymer will not provide sustained drug release from the matrix tablets. Hence, matrix tablets containing a combination of anionic and cationic polymers were prepared and the drug release profile was evaluated.
Effect of Polymer Type
To study the effect of polymer type, matrix tablets were prepared with different polymer type combinations like EE with EL (F6), EE with HPMCP (F7), and EE with HPMCAS (F8). The drug release profile from these formulations in 0.1 N HCl are shown in Fig. 6 . The drug release rate was fastest from the formulation containing EE and HP55 with a K value of 37.76% h −0.790 and t 50 % value of 1.43 h. The release rate was slowest from the formulation containing EE and HPMCAS with a K value of 10.81%h −0.625 and t 50 % value of 11.59 h. Formulation with EE and EL (F6) showed intermediate drug release profile compared to the other two polymer combinations. The faster drug release from the EE and HPMCP formulations could be attributed to the lower ability to form PEC in 0.1 N HCl and rapid disintegration of the tablet. The slower drug release rate observed for EE and HPMCAS (F8) formulation could be attributed to the formation of stronger PEC in 0.1 N HCl which in turn controlled the drug release rate. On the other hand, sustained drug release was observed in pH 6.8 phosphate buffer for all three polymer combinations evaluated (data not shown). This slower drug release performance could be attributed to the PEC formation at this pH.
Effect of Polymer Concentration
The release of acetaminophen from matrix tablets prepared with different concentrations of EE/HPMCAS is shown in Fig. 7 . It is clear that the release rate is greatly dependent on the concentration of polymers in the formulation. Increasing the total amount of polymers in the formulation from 100 mg (F10) to 150 mg (F9) and 200 mg (F8) resulted in a slower release rate and extended drug release from the tablet. The release rate was slowest for the higher polymer concentration formulation (F8) with a K value of 7.76%h −0.667 and t 50 % value of 16.32 h. The release rate was fastest for the lower polymer concentration formulation (F10) with a K value of 14.72%h −0.619 and t 50 % value of 7.21 h. This slow release is because of the formation of a stronger PEC gel structure that delays drug release from the tablet matrix. The increase in polymer concentration resulted in an increase of the MDT values, where for 100-mg polymer concentration the MDT value was 4.1 h, compared with 5.0 and 4.9 h for the 150-and 200-mg polymer concentration, respectively. The slight increase in the MDT value with increasing polymer concentration can be ascribed to the entanglement density of the polymer at higher concentrations.
Effect of Polymer Grade
Tablets containing EE and HPMCAS showed the best control on the drug release profile among the three different polymer combination formulas. This is due to the high degree of interaction that could exist as both polymers were ionized and maximum level charge density was obtained especially in acidic and buffer media. HPMCAS is available in several grades, which vary in extent of substitution, mainly of acetyl and succinoyl groups (Table III) , and in particle size (fine or granular). The dissolution profiles of acetaminophen from the matrix tablets with different polymer grades of HPMC AS-LF (F10), HPMC AS-MF (F11), and HPMC AS-HF (F12) in pH 6.8 phosphate buffer are shown in Fig. 8 . It can be observed that the release rate did not vary much for tablets prepared with different polymer grades of HPMC AS. The calculated MDT values were found to be 4.10, 4.09, and 3.52 h, respectively, for the release profiles of HPMCAS LF, MF, and HF formulations. The release profiles were also analyzed for the similarity factor (f 2 ) values for the assessment of statistical difference or similarity between the release profiles. The f 2 factor value was observed to be 57.4 between LF and MF formulations, 53.8 between LF and HF, and 72.4 between MF and HF formulations indicating no significant difference between the release profiles of HPMCAS LF, MF, and HF formulations.
Effect of Polymer Ratio
To study the effect of polymer ratio (anionic/cationic) on drug release properties, three batches were manufactured with different polymer ratio of EPO/HPMCAS (0.5:1 (F13), 1:1 (F10), and 1:0.5 (F14)) but with same polymer concentration level (100 mg/tablets). It can be seen from Fig. 9 that the drug release rate was similar for F10 and F13 formulations whereas the release rate is higher for F14 formulation. The f 2 factor value was observed to be 57.1 between 1:1 ratio (F10) and 0.5:1 ratio (F13) formulations, indicating no significant difference between the release profiles, whereas the f 2 factor values were found to be 47.1 between F10 (1:1 ratio) and F14 (1:0.5 ratio) formulations and 44.6 between F13 (0.5:1 ratio) and F14 (1:0.5 ratio) formulations, indicating a significant difference between the release profiles of different formulation ratios. The calculated t50% values were found to be 7.21, 5.95, and 8.46 h for F10, F13, and F14 formulations, respectively.
Effect of Dissolution Medium
The effect of dissolution media (pH 1.2, 4.5, and 6.8) on drug release properties from formulation prepared using 200 mg of EE/HPMCAS (1:1 ratio) polymer combination (F8) is shown in Fig. 10 . No significant difference was observed in the drug release from the formulations containing EE/HPMCAS polymer combination (F8) in different dissolution media based on the f 2 values obtained. The f 2 values determined by comparing drug release profiles in pH 1.2 with pH 6.8, pH 4.5 with pH 6.8, and pH 1.2 with pH 4.5 were found to be 59.8, 57.9, and 76.9, respectively, indicating similar drug release profiles in all the three dissolution media studied. Fig. 9 . Dissolution of tablets prepared using different polymer ratios of EE/HPMCAS in pH 6.8 phosphate buffer Fig. 8 . Dissolution of tablets prepared using different polymer grades of HPMCAS in pH 6.8 phosphate buffer
Swelling Study
It is well known that the release properties of polymeric carriers can be somehow predicted by the determination of their swelling and erosion characteristics (23) . A comparative analysis of the swelling characteristics of matrix systems prepared using different polymer combinations is shown in Fig.  11 . The rate of swelling of tablet matrices that contain mixture of EE/HPMCAS was slower than that of other two matrices prepared using EE/HPMCP and EE/EL. At 1 h, the maximum swelling index of 43% was observed for the EE/HPMCP, and thereafter, a gradual decrease in the swelling index was observed for 2-6 h. The rate of swelling of tablet matrices prepared using EE/EL was found to be intermediate, and gradual increment was observed till 6 h. The rate of swelling was found to be different for different polymer combinations, and this could be attributed to the different drug release profiles and mechanisms observed during the dissolution analysis of matrix tablets.
Kinetic Analysis of Release Data
To describe the kinetics of drug release from the selected matrix formulation (F8), release data was analyzed according to different kinetic equations. The data was analyzed by the regression coefficient method. On analyzing regression coefficient values, it was found that F8 formulation exhibits firstorder kinetics (0.98). The in vitro release profiles of drug from this formulations could be best expressed by Hixson-Crowell equation as the plots showed highest linearity (r 2 =0.9924). To confirm the diffusion mechanism, the data was further fitted into Korsmeyer-Peppas equation (25) . The formulation showed good linearity (r 2 =0.99), and the n value (0.6194) was higher than 0.45 indicating that the diffusion transport of the drug was not the only factor controlling the drug release, and in this case, the release was non-Fickian or anomalous; this suggested that other events occurred during drug diffusion process such as matrix swelling, dissolution, and erosion that might contribute to the overall release mechanism. 
CONCLUSION
The present study demonstrated the successful application of the combination of anionic polymethacrylates and cationic enteric polymer such as hypromellose phthalate and hypromellose acetate succinate to sustain the acetaminophen release up to 12 h at different pH conditions. The drug release from the novel matrix system was found to be dependent on the polymer combination type, their ratio, and their concentrations. The prolonged drug release from the matrix system could be better explained by the in situ formation of PEC. The PEC was the result of the interaction between the carboxylic group of anionic polymers and the dimethylaminoethylethyl groups of Eudragit EPO which is supported by FT-IR analysis result. The formation of interpolymer interaction between countercharged types of well-known excipients like Eudragit EPO and HPMCAS opens new possibilities for oral controlled drug release.
